Renewable energy such as solar or wind energy provides new possibilities to meet the world's energy needs. However, connecting renewable energy sources to the power grid at a large scale will cause huge stability challenges at the connection interface. Virtual synchronous machine (VSM) technologies, which emulate the transient electromechanical characteristics of traditional synchronous machines, offer a unified interface for smart grid integration. With these technologies, all the renewable energy generators as well as the flexible loads could take part in regulating the grid frequency and voltage, thus improving the power grid's stability. This paper presents the origin and development of VSM technology, and evaluates the mathematical model, control strategies and stability issues of the technology. It then summarizes VSM applications related to the grid interconnection of renewable energy, voltage sourced converter based HVDC (VSC-HVDC), motor speed regulation, and fast-charging interfaces. Finally, future research directions are assessed.
I. INTRODUCTION
On account of the increasingly serious energy crisis, and the wide application of renewable energy, renewable energy generation is becoming a hot spot of research [1] , [2] . Compared with traditional power systems, most of the distributed power need power electronic interface circuits to connect to the grid [3] . Although the traditional grid-connected inverter has a fast response, it has almost no moment of inertia [4] , [5] , cannot provide the necessary voltage and frequency support [6] , [7] , and difficult to provide the necessary inertia and damping for the grid [8] , [9] . With the gradual increase of new energy penetration rate, the power system will encounter serious stability problems [10] - [12] . There is an urgent need for a technology to enable new energy to participate in the regulation and frequency modulation of the power grid.
In 1997, the IEEE working group first proposed the concept of VSM. Subsequently, scholars successively carried out research on analog synchronous engine external characteristics [13] , virtual inertia [14] , frequency control strategy [15] , and confirmed the positive role of VSM technology in the distributed power sources.
However, VSM is in rising stage, and its theoretical system and practical application still need to be improved. The existing literature mainly introduces different types of control technologies and implementation methods of VSM [16] , [17] , or only reviews virtual synchronous generators [18] - [20] , and systematic comprehensive review and its application are hardly reported. In view of this, this paper firstly introduces the mathematical model and control strategy of VSM, then summarizes the research from the aspects of stability analysis and engineering application. The existing problems and future development are puts forward at last.
II. MATHEMATICAL MODEL OF VSM
The essence of VSM is to simulate the operation mode of SM by controlling power electronic device, draw on the electromagnetic equation of synchronous motor and the equation of rotor motion to have inertia, damping, droop, excitation characteristics and active-frequency, reactivevoltage regulations, etc. There are generally two forms: synchronous inverter -virtual synchronous generator [21] - [25] ; synchronous rectifier -virtual synchronous motor [48] - [50] . At present, research mostly focuses on virtual synchronous generator.
According to the different orders of the model, VSM can be divided into second-order, third-order, fifth-order and other mathematical models. The current research is based on the classical second-order model, which mainly includes mechanical equations and electromagnetic equations.
A. Virtual Synchronous Generator Model
Reference [26] , [27] introduces the second-order model structure of three hidden pole motors, whose electromagnetic equation is Where: u is the port phase voltage of the motor, and is the resistance and inductance of stator winding, is the current of the three-phase stator winding, Φ is the magnetic flux, e is the excitation electromotive force. The equation of motion of the rotor is
Where: J is the moment inertia of rotor, is the mechanical torque of the motor, is the electromagnetic torque of the motor, is the damping coefficient, is the speed corresponding to the reference frequency. The expression for outputting active power and output reactive power is , , e ff e ff P wM i
The main circuit structure of virtual synchronous generator is shown in Figure 1 . The DC power supply outputs three-phase AC power through the inverter module, filtered by the third-order LC circuit to obtain three-phase sinusoidal AC power. According to KVL's law, the voltage equation of the main circuit of grid-connected inverter can be obtained as 
Where: is the equivalent output resistance of the inverter, is the equivalent output reactance of the inverter. As shown in Figure 1 , the DC power supply of the inverter is equivalent to the prime mover, and the output electromotive force is equivalent to the excitation inductive potential of the SM. Then, using an appropriate control strategy, the inverter can be set as a virtual synchronous generator.
B. Virtual Synchronous Motor Model
About 65% of load in the power system is the motor load, and it has good inertia and damping characteristics, which is beneficial to the voltage frequency adjustment of the power system. The traditional rectifier equipment does not have inertia and damping, which is not conducive to the stability of the power grid. Therefore, virtual synchronous motor can be used to control the rectified load. When the load is abrupt, the output voltage and frequency of the rectifier are simulate the electromechanical transient characteristics of the SM, change with the grid voltage and frequency, adjust the power output within a reasonable range to respond to the frequency characteristics. Its main circuit structure is shown in Figure 2 . The electromagnetic equation of virtual synchronous motor is the same as that of virtual synchronous generator, except that the stator current becomes reversed and the rotor motion equation becomes
The DC bus voltage controller produces virtual mechanical torque. The lower the DC bus voltage, the greater the mechanical torque generated.
III. CONTROL STRATEGY
Converter control in the power grid is an important factor affecting the stability of the power grid. The current control methods mainly include PQ control, VF control and Droop control. Droop control can be divided into two types, voltagecontrolled converter [28] - [33] and current-controlled converter [34] - [35] . Voltage-controlled converter is based on the VF control, and adjusts the amplitude E and phase δ of the reference potential according to the change of frequency and voltage, wherein the changes of E and δ respectively adjust the active and reactive power, as shown in Figure 3 (a). Currentcontrolled converter is based on the PQ control, and adjusts the current command according to the change of frequency and voltage, where the d-axis and q-axis current reference values and are changed to adjust the active and reactive power respectively, as shown in Figure 3 control type converter has the problem of switching control algorithm when it is off-grid, and the current power system is dominated by voltage source, so the control strategy based on controlled current source is not compatible with the current power system. Besides, current -controlled converters are difficult to provide voltage and frequency support for power systems [18] , large-scale current source access will bring potential problems, so most of the research is voltage-controlled converter.
A. Active power -frequency control
Active power keeps grid frequency stability in power system. Under normal circumstances, the active power generated in the power system is balanced with that consumed by the power load. When the system is disturbed, the active balance is destroyed and the grid frequency will fluctuate. The active power -frequency droop characteristic equation is
is the mechanical power of VSM, and are the active power and frequency reference values respectively, is the active power -frequency droop coefficient, is the measured value of the system frequency.
In the active power adjustment control of VSM, the output of virtual machine torque is controlled by the change of power, thereby adjusting the frequency. Figure 4 (a) shows the activefrequency control block of virtual synchronous generator, Figure 4 (b) is virtual synchronous motor control block diagram. The active loop simulates the primary frequency modulation characteristic of synchronous generator (or motor) and its output acts as the reference voltage phase angle of inverter (or rectifier). In figure 4(b), and are DC bus voltage measurements and reference values, respectively. 
B. Reactive power -voltage control
The balance of reactive power in power system maintains the stability of grid voltage. In reactive power balance, grid voltage remains at the rated operating point. When the balance destroyed, grid voltage will also fluctuated. The corresponding reactive power-voltage droop characteristic equation is
and are the reference value of the terminal voltage and the reactive power respectively, is the reactive power-voltage droop coefficient, U is the measured value of the no-load voltage.
In the reactive voltage regulation control of VSM, terminal voltage mainly adjusted according to output voltage amplitude deviation and reactive power deviation. Figure 5(a) is block diagram of reactive-voltage control of virtual synchronous generator, and Figure 5 (b) is control block diagram of virtual synchronous motor. The reactive loop simulates the primary regulation of synchronous generator (or motor) and its output act as the reference voltage amplitude of inverter (or rectifier). Figure 4 , we only need to set the parameters of inertia moment J, integral coefficient K, damping coefficient , active-frequency droop coefficient , and reactive-voltage droop coefficient to achieve voltage, frequency, active, reactive power control of VSM, which greatly simplifies the complexity of the controller. and are determined by the connected grid, so the design of J and are mainly considered.
IV. STABILITY OF VSM
Power system stability can divided into static stability and transient stability. Current-controlled VSM does not simulate the rotor motion equation of SM, and voltage-controlled VSM is closer to actual synchronous machine, so the stability research of VSM is mainly based on voltage-controlled type.
A. Static Stability Analysis
Static stability refers to the ability of a balanced power system automatically return to its original operating state after a small disturbance. Static stability analysis is more mature in power systems, and the static stability analysis of VSM is similar to synchronous motors. Static stability analysis methods can be divided into root locus method [37] , state space equation method [38] and transfer function method [39] .
VSM brings about the problem of power angle oscillation while it has inertia and damping. Power angle oscillations can be divided into low-frequency oscillation, medium-frequency oscillation and high-frequency oscillation. Low-frequency oscillation and partial medium-frequency oscillation are introduced by virtual synchronous machine function, similar to the power angle oscillation of synchronous motors. Highfrequency oscillation and another part of medium-frequency oscillation are caused by the VSM's unique function to activate the original mode of the inverter.
VSM uses a large number of power electronic devices, so the selection of parameters such as damping coefficient, droop coefficient, and moment of inertia is more flexible than synchronous motors. Reference [36] pointed out that the active-frequency droop coefficient increase will lead to a reduction in the damping ratio of the system, and when it is too large, the system will lose stability. Reactive power-voltage droop coefficient increase will result in a decrease in the lowfrequency damping ratio, which is not conducive to system stability. Reference [40] pointed out that the virtual moment of inertia can effectively suppress the frequency fluctuation of the system caused by load changes. However, if it is too large, the damping ratio of the system will reduced, and the power angle will continue to oscillate. Reference [41] pointed out that the damping coefficient mainly affects low frequency oscillation. When the damping coefficient increases gradually, the damping ratio increases and the oscillation frequency does not change, which is beneficial to static stability. When the damping coefficient is too large, power system is in an overdamped state and the stability margin will decrease.
B. Transient Stability Analysis
Transient Stability refers to the ability to automatically restored to its original operating state of the power system in equilibrium by the large disturbance. Since transient stability analysis is difficult to linearize, there are relatively few studies on transient stability of VSM [42] , [43] .
Similar to the traditional power system, VSM-containing power system can also experiences transient instability when subjected to large disturbances. However, VSM has strong adjustability, and the control parameters can quickly changed to a stable state when the disturbance occurs.
Transient stability analysis of power system can be divided into two types -transient energy function method and time domain simulation method. In [42] , the adaptive control strategy of transient process based on VSM is established by time domain simulation method. By comprehensively considering the frequency offset and the power fluctuation of distributed power source, configure the key parameters of VSM, adjust the dynamic characteristics of transient process, and achieve the purpose of improving the equivalent inertia of the power system. In [43] , the stability of virtual rotor of VSG under the interconnected multi-supply inverter system is researched by transient energy function method. Demonstrate the influence of different parameters on virtual control system failure, point out the choice of voltage control parameters will affect the system behavior after a large disturbance.
Compared with static stability, the parameters affecting the transient stability mainly depend on the moment of inertia and the damping coefficient. Reference [43] pointed out that in a single-VSM connected to an infinite grid system, if the moment of inertia and damping coefficient are too large, and the power command will step, which will cause the system to be transiently unstable. When the moment of inertia is large and the damping is none, although the power step command occurs, the system will not be transient instability.
C. Summary
The stability of the voltage-controlled VSM is similar to that of the conventional synchronous motor. When the disturbance is disturbed, the power angle swinging process will occurs. Besides, VSM changes the dynamic characteristics of power system while providing inertia and damping. The extensive use of power electronics and the flexible adjustability of control parameters make gridconnected stability more complex. The wide range of fluctuations of each parameter under adaptive control can affect the related parameters and ultimately affect the stability.
V. TYPICAL APPLICATION
After more than 20 years of development, virtual synchronous machine technology has made breakthroughs. It has a good application prospect in the fields of electric vehicles, photovoltaic power generation, and wind power generation. However, the original intention of VSM technology is to solve the problem of new energy grid connection, so the research application of virtual synchronous generator is faster than that of virtual synchronous motor.
A. Application of Virtual Synchronous Generator
In terms of wind power generation, reference [44] proposed the system structure of "generator-motor-generator". VSM control is applied to both rotor side and grid side converter of the wind turbine to improve the dynamic performance of wind turbine and improve the fault ride through capability.
In terms of photovoltaic power generation, literature [45] proposed a photovoltaic-VSM technology, whose strategy comprehensively considers the dynamic characteristics of photovoltaic power, enabling photovoltaic power generation directly access the power grid through VSM. It realizes the flexible and reliable operation of connect-off grid, and plays a key role in achieving distributed photovoltaic power generation friendly access to the grid.
In the application of independent energy storage unit, literature [46] proposed a battery control scheme for electric vehicle based on VSM. Virtual two-phase system calculates active power and reactive power, avoids the influence of power oscillation on virtual inertia, and contributes to the primary frequency modulation of power grid. Besides, the island grid can be seamlessly established when the grid is interrupted and the local load is supplied via the electric vehicle battery.
In the flexible DC transmission inverter side (receiver end), literature [47] proposed an active voltage feedback control strategy based on VSM, which can be independent of the communication system to ensure frequency control. Besides, the traditional synchronizer is improved and the VSC-VSM can realize the secondary frequency adjustment independent of PLL current under fault conditions.
B. Application of Virtual Synchronous Motor
In the application of fast charging interface, literature [48] proposed an electric vehicle charging control strategy for accessing the micro grid, and designed an auxiliary frequency modulation control algorithm. According to the powerfrequency characteristic curve of electric vehicle load, the reference value of charging and discharging is changed, so that the electric vehicle participates in the primary and secondary frequency modulation of the micro grid, and the frequency in the independent mode can be adjusted without difference.
In terms of motor speed regulation, reference [49] proposed a simple motor speed controller that uses virtual synchronous machine technology to control the torque and speed of AC synchronous and asynchronous machines, which realizes Ward Leonard AC speed control system, avoids vector transformation and flux linkage estimation, achieves fast response of motor speed and torque.
In the flexible DC transmission rectification side (send end), literature [50] proposed a converter station control scheme based on synchronous motor. By establishing a smallsignal mathematical model of the rectification-side converter station, gave the design method of systemized parameters, so that the VSC-HVDC converter station can effectively participate in dynamic adjustment of grid.
C. Summary
VSM allows the distributed power connected to the grid in the form of a conventional synchronous motor. Before connect the grid, the internal control algorithm has been used to synchronize with the power grid to avoid the participation of the phase-locked loop, which greatly reduces the complexity of the system. In addition, VSM can also work in the rectification mode to provide a unified interface for the smart grid, participate in the regulation of the grid voltage and frequency, and improve the stability of power system. It can be seen that in new generation of smart grids, VSM technology has broad application prospects.
VI. CONCLUSION AND PROSPECT
This paper introduces the origin, mathematical model and algorithm of VSM, reviews the stability analysis and typical applications. VSM technology requires a lot of practice and technological innovation at the same time evolving. In view of the existing problems, the future research direction is mainly reflected in the following aspects:
1) The actual impact of VSM's different permeability on the stability of large power grids has not been studied. At the beginning of the development of virtual synchronous machine technology, low permeability has little effect on the stability of power system. However, with the rapid increase in the installed capacity of distributed energy based on new energy, the high-permeability VSM will have a greater impact on the stability of power system.
2) The existing literature does not give specific values and selection principles for important parameters of VSM in different applications. The flexible adjustment of control parameters of VSM is its obvious advantage, but the improper selection of parameters is very prone to power angle oscillation problem, and oscillation changes with the change of system operating state. Systematic and theoretical setting methods are a future research direction.
3) The influence of high-frequency nonlinear harmonics and inter-harmonics caused by the switching action of power electronic devices on the power systems is not clear. The switching action of a large number of power electronic based on the control technology in VSM is the source of harmonics and super-high harmonics. At present, there is no systematic research on the propagation and influence of harmonics in power system. In addition, VSM control strategy in a nonlinear environment needs to be improved.
4)
Due to the limitation of power electronic, the converter overload capability needs to be improved. This not only affects the voltage control capability, but also causes a chain reaction when the short-circuit fault occurs in power grid, and ultimately affects the stability of large power grid. Therefore, the performance improvement of new power electronic devices has greatly promoted the development of VSM.
5)
The coordinated optimization control of multi-machine parallel and internal parameters of VSM needs further research. Due to the existence of inertia, damping, active frequency and reactive voltage loop, the parallel current sharing speed of multiple VSM becomes slower. The current research focuses on single-machine and dual-machine parallel, and transform multi-machine parallel problem into distributed control problem is a feasible method.
6)
Virtual synchronous machine can be set as voltagecontrolled source or as current-controlled source. Although there are some shortcomings in current-controlled source, there is a current loop in the synchronous motor. Therefore, there will be a certain scale of current-controlled-VSM in the development of virtual synchronous machine. It is necessary to carry out corresponding research in the future.
Although VSM technology still faces many problems, with the successful construction of the national demonstration project represented by the demonstration project of Zhangbei scenery storage and storage base in China, the existing research results will be improved, and the long-term development of virtual synchronous machine will be strongly support. Therefore, VSM technology will play an important role in the construction of a fully autonomous power system that promotes the flexible interaction of "source-grid-load".
